ABSTRACT | 2,4-Dinitrophenol (2,4-DNP) is an uncoupler of mitochondrial oxidative phosphorylation which shows promise as a neuroprotectant. In this study, the effect of 2,4-DNP on oxidative stress and neuronal damage in rat brain induced by systemic rotenone injection was investigated. Rats were treated with rotenone 1.5 mg/kg alone or in combination with 2,4-DNP (1 or 3 mg/kg) injected subcutaneously three times per week for 2 weeks. The brain content of the lipid peroxidation product malondialdehyde (MDA), reduced glutathione (GSH), nitric oxide (nitrite), paraoxonase 1 (PON1) activity, and nuclear factor kappaB (NF-B) were determined. Histopathology and caspase-3 immunohistochemistry were also performed. Rotenone produced a significant increase in the levels of MDA, nitric oxide, and NF-B by 56.3%, 99.3%, and 59.2%, respectively, compared with the vehicle control group. In contrast, there was significant decrease in both GSH and PON1 activity by 30.6% and 29.6%, respectively. Neuronal damage and strong caspase-3 immunoreactivity were observed. Administration of 3 mg/kg 2,4-DNP to rotenone-treated rats resulted in near control levels of MDA, GSH, nitric oxide, and NF-B. PON1 activity, however, showed further decrease by 2,4-DNP treatment. 2,4-DNP decreased the neuronal damage inflicted by rotenone in the cerebral cortex and hippocampus and ameliorated the loss of pigmented neurons in the substantia nigra. 2,4-DNP also resulted in decreased caspase-3 immunostaining. These data show that 2,4-DNP is effective in decreasing brain oxidative stress, neuronal damage, and apoptosis caused by rotenone. Thus, it should be further explored as a useful adjunct in the treatment of Parkinson's disease.
INTRODUCTION
Parkinson's disease (PD) is characterized by neurodegeneration involving the dopaminergic neurons in the substantia nigra pars compactica (SNPc), which project to the striatum [1] . This results in profound loss of dopamine in the SNPc and striatum with a consequent development of the motor manifestations of the disease namely, bradykinesia or akinesia, muscular rigidity, postural imbalance, and a resting tremor [2] . It is not clear how neurons are lost in SNPc, but there is accumulating evidence to suggest a pivotal role for free radical mechanisms [3, 4] . In PD, there is excessive generation of oxygen-and nitrogen-derived free radicals since there is biochemical evidence of oxidative damage to cell membrane lipids, proteins, and DNA detected in the brain postmortem [5] [6] [7] . One important site for the generation of reactive oxygen metabolites in the cell is the mitochondria [8, 9] . These reactive oxygen species are produced as a consequence of oxidative phosphorylation which occurs in the inner mitochondrial membrane and involves the oxidation of NADH to produce energy. This energy is then used to phosphorylate adenosine diphosphate (ADP) to adenosine triphosphate (ATP). Leakage of electrons from the mitochondrial respiratory chain onto molecular oxygen (O 2 ) results in the generation of the superoxide anion radical (O 2˙ˉ) which in turn might reduce cytochrome c, transition metals, or be converted to hydrogen peroxide (H 2 O 2 ) by superoxide dismutase. The latter can be reduced to the more reactive hydroxyl radical (HO˙). O 2˙ˉ might also react with nitric oxide to produce the highly reactive peroxynitrite anion [10, 11] . Complex I (NADH-ubiquinone reductase or NADH dehydrogenase) and complex III (ubiquinol-cytochrome c reductase) of the electrontransport chain are the main sites that generate reactive oxygen metabolites [11] . In brain tissue, complex I is the main source for O 2˙ˉ formation under normal and pathological conditions [9] .
Mitochondrial dysfunction that occurs in the context of hypoxic-ischemic injury, toxin exposure, or associated with aging, has been implicated in increased production of reactive oxygen metabolites and consequent neuronal injury [12, 13] . Mitochondrial uncouplers, such as 2,4-dinitrophenol (2,4-DNP), interfere with cellular energy metabolism. 2,4-DNP acts as a H + carrier (H + ionophore) and provides a pathway for the flow of H + across the inner mitochondrial membrane, thereby bypassing the ATP synthase. 2,4-DNP thus uncouples the electron transport chain from oxidative phosphorylation diminishing ATP production [14] . It has been suggested that mild uncoupling effectively decreases O 2˙ˉ production that occurs from complex I (NADHubiquinone reductase) during reverse electron transport [15] . 2,4-DNP has been shown to result in decreased mitochondrial membrane potential, calcium influx, and free radical formation [16] 
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showed protective effects in experimental models of spinal cord injury [17] and brain injury [18] [19] [20] . In this study, we have examined the ability of 2,4-DNP to prevent neuronal damage in the rotenone model of Parkinson's disease in the rat. Studies in rodents have demonstrated that rotenone, a naturally occurring pesticide, is able to cause pathological brain changes similar to those found in human idiopathic PD [21, 22] .
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (Animal House of the National Research Centre, Cairo, Egypt) weighing 180-200 g were group-housed under temperature-and light-controlled conditions and allowed standard laboratory rodent chow and water ad libitum. 
Drugs and Chemicals
Rotenone and 2,4-DNP were purchased from SigmaAldrich (St Louis, MO, USA). Rotenone and 2,4-DNP were dissolved in dimethyl sulfoxide.
Study Design
Rats were randomly divided into four groups, with six rats in each group. Group 1 received the vehicle (dimethyl sulfoxide); group 2 received a subcutaneous injection of rotenone 1.5 mg/kg; groups 3 and 4 received rotenone 1.5 mg/kg subcutaneously along with 2,4-DNP at 1 and 3 mg/kg (subcutaneous injection), respectively. Drugs were given every other day for 2 weeks. Rats were then euthanized by decapitation for tissue collection; their brains were quickly removed out on an ice-cold plate, washed with icecold phosphate-buffered saline (pH 7.4), weighed, and stored at −80°C until further biochemical studies. The tissues were homogenized in 0.1 M phosphate-buffered saline (pH 7.4) to give a final concentration of 10% weight/volume (w/v) for the biochemical assays.
Biochemical Analyses
Lipid Peroxidation
Lipid peroxidation in the brain homogenates was assayed by measuring the level of malondialdehyde (MDA) using the method of Ruiz-Larrea et al. [23] . In this assay, MDA (along with its equivalents) reacts with thiobarbituric acid to produce a red colored complex that exhibits a peak absorbance at 532 nm.
Reduced Glutathione
Reduced glutathione (GSH) was determined in the brain homogenates using the method of Ellman et al. [24] . The procedure is based on the reduction of Ellman's reagent by -SH groups of GSH to form 2-nitro-5-mercaptobenzoic acid, which is intense yellow in color and determined using a spectrophotometer at 412 nm.
Nitric Oxide
Nitric oxide was determined using the Griess reagent, according to the method of Moshage et al. [25] . Nitrite, a stable end product of nitric oxide, is mostly used as an indicator for the production of nitric oxide.
Paraoxonase 1 Activity
The arylesterase activity of paraoxonase 1 (PON1) was measured spectrophotometrically in the tissue supernatants using phenylacetate as a substrate, according to the method described before [26] .
Nuclear Factor kappaB (NF-κB)
NF-κB was measured in the tissue supernatants using a commercially available human NF-κB ELISA kit (Glory Science, Del Rio, TX, USA) according to the manufacturer's instructions. The kit uses a double antibody sandwich enzyme-linked immunosorbent assay to measure the level of NF-κB.
Histopathology
Brain tissues were fixed in 10% buffered formalin, dehydrated in graded ethanol, and embedded in paraffin using standard procedures. Sections of 5 μm 
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thickness were stained with hematoxylin and eosin (H&E) for histopathological examination under a light microscope.
Immunostaining for Caspase-3
Immunostaining of anti-caspase-3 antibody was performed using streptavidin-biotin. Sections of 4 m thick were deparaffinized and incubated with fresh 0.3% hydrogen peroxide in methanol for 30 min at room temperature. The specimens were then incubated with anti-caspase-3 antibody as the primer antibody at a 1: 100 dilution. The specimens were counter stained with H&E. Negative controls were preprepared by substituting normal mouse serum for each primary antibody.
Statistical Analysis
Data are presented as mean ± SEM. Statistical significance was determined using an ANOVA, followed by Duncan's multiple range test using SPSS software 
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(SAS Institute Inc., Cary, NC, USA). A probability value of less than 0.05 was considered statistically significant.
RESULTS
Oxidative Stress
Rats treated with rotenone alone exhibited significantly higher MDA levels in the brain than those of the control group (56.3% increase: 40.64 ± 2.0 versus 26.0 ± 1.5 nmol/g.tissue) (Figure 1A) . On the other hand, brain GSH content was significantly decreased by 30.6% by rotenone (3.28 ± 0.14 versus 4.73 ± 0.26 µmol/g.tissue) (Figure 1B) . The concentrations of nitric oxide increased by 99.3% (44.25 ± 1.9 versus 22.2 ± 1.3 µmol/g.tissue) as compared with those of the control group ( Figure 1C) .
In the presence of 2,4-DNP (1 and 3 mg/kg), a dose-dependent decrease in MDA levels (18.5-45.3% of controls) was found compared with the rotenone only group (33.12 ± 1.9 and 22.2 ±1.0 versus 40.64 ± 2.0 nmol/g.tissue) ( Figure 1A) . In addition, an increment in GSH by 18.9% and 25%, respectively, was observed in the 2,4-DNP-treated group compared with the rotenone only group (3.9 ± 0.21 and 4.1 ± 0.17 versus 3.28 ± 0.14 µmol/g.tissue) ( Figure  1B) . 2,4-DNP also decreased nitric oxide levels in rotenone-treated rats by 21.3% and 41.2%, respectively (34.83 ± 1.2 and 26.0 ± 0.98 versus 44.25 ± 1.9 µmol/g. tissue) (Figure 1C). 
PON1 Activity
Rotenone resulted in significant inhibition of PON 1 activity by 29.6% compared with the control group (7.96 ± 0.23 versus 11.3 ± 0.41 kU/l). 2,4-DNP (1 and 3 mg/kg) elicited a further and significant decrease in this brain enzyme activity by 57% and 26%, respectively (3.42 ± 0.17 and 5.89 ± 0.32 versus 7.96 ± 0.23 kU/l) ( Figure 1D ).
NF-κB
In rats treated with rotenone, there was significant increase in NF-B levels in the brain compared to controls (59.2% increase: 36.91 ± 0.58 versus 23.18 ± 1.1 U/l). A significant decrease in NF-κB concentrations by 22.3% and 33.9% was observed in the 
Histopathological Results
From the histopathological investigation it was clear that rotenone caused many neurons in the cerebral cortex to appear darker than normal (both the cytoplasm and the nucleus) ( Figure 3B) . Treatment with 2,4-DNP ameliorated this damaging effect in a dosedependent manner. However even with the high dose, a few dark cells were still observed ( Figure  3C and 3D) . The same results could be seen in other areas of the brain (hippocampus and substantia nigra) (Figures 4 and 5) . The results of immunohistochemical staining with anti-caspase-3 antibody confirmed that 2,4-DNP decreased apoptosis caused by rotenone (Figure 6 ).
DISCUSSION
In this study, rotenone resulted in increased brain lipid peroxidation as indicated by the increased level of the lipid peroxidation product MDA. This finding agrees with previous studies suggesting increased intracellular reactive oxygen metabolites by rotenone [27] [28] [29] [30] . There was also marked decrease in brain GSH content. This could be due to increased formation of reactive oxygen metabolites, and subsequent consumption of the antioxidant. GSH is the 
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most abundant intracellular thiol which has an important role in maintaining the redox balance in the cell. GSH acts as a direct antioxidant scavenging such reactive species as hypochlorous acid and peroxynitrite anion. GSH also functions as a co-factor for enzymes such as glutathione peroxidase [31, 32] . The thiol exists mostly in its reduced form while less than 1% is present in the oxidized or disulfide form. A decrease in GSH content is likely to contribute to the oxidative stress seen in patients with PD and other neurodegenerative diseases [33, 34] . In this context, studies indicated decreased GSH levels in the substantia nigra of PD subjects [35, 36] . This decrease in GSH causes mitochondrial impairment and decreases complex I activity and consequently results in nigrostriatal neurodegeneration [37, 38] .
In agreement with previous studies [39] [40] [41] [42] , rotenone also resulted in markedly increased levels of brain nitric oxide. Other researchers showed increased nitric oxide synthase (NOS) activity and 3-nitrotyrosine in the substantia nigra of rats following rotenone treatment. These effects were decreased by the neuronal NOS inhibitor 7-nitroindazole, which also reduced nigrostriatal damage [43] . Moreover, rotenone caused prominent inducible nitric oxide synthase (iNOS) immunostaining in the striatum and substantia nigra after systemic administration in rodents, suggesting that iNOS mediated the increase in brain nitric oxide levels by rotenone [40] . Increments in nitric oxide levels via iNOS are thus likely to be involved in the mechanism by which rotenone induced brain damage. Increased generation of nitric 
oxide causes neuronal damage via several pathways. The peroxynitrite anion formed by the reaction of nitric oxide with O 2˙ˉ can result in oxidation, nitration, and nitrosation of mitochondrial proteins and the inactivation of several mitochondrial electron transport complexes including complex I [44] [45] [46] .
The present study showed that brain NF-B increased significantly following rotenone injection. The transcription factor NF-B is present in the cytoplasm in an inactivated dimeric form by binding to the inhibitory molecule IB. Being activated by inflammatory mediators, oxidative stress, tissue injury or infection, NF-B translocates to the nucleus and induces the expression of several genes encoding inflammatory mediators, such as cyclooxygenase-2, proinflammatory cytokines (e.g., interleukin 1beta [IL-1β], IL-6 and tumor necrosis factor-alpha [TNF-α]), cellular adhesion molecules, and monocyte chemoattractant protein-1 (MCP-1) [47, 48] . Previously, rotenone has been shown to increase TNF-α and MCP-1 in the rat striatum [41, 42] . NF-B is sensitive to oxidative stress being activated by intracellular reactive oxygen metabolites and kept in its inactive form by antioxidant enzymes [49, 50] . Increased NF-B activation has been demonstrated in dopaminergic neurons from the brains of patients with PD, which appears to be mediated by oxidative stress-induced apoptosis [51] . Moreover, inhibition of NF-B decreased DNA damage induced by oxidative stress and delayed cellular senescence in mice. 
This suggested a role for NF-B in aging or in agerelated neurodegenerative diseases [52] . Our data suggest that rotenone induces the activation of NF-B which could be explained by the increased oxidative stress. This also suggests a role for NF-B in the inflammatory response in the brain of rotenonetreated rats.
We also found decreased activity of PON1 enzyme in the brain of rotenone-treated rats, which is in agreement with our previous studies [41, 42] . PON1 hydrolyzes the active metabolites (oxons) of several organophosphorus insecticides, such as parathion, diazinon, and chlorpyrifos [53] . The enzyme also has anti-inflammatory and antioxidant effects [54] and there is evidence that functional impairment in PON1 activity could be associated with increased susceptibility to PD in subjects exposed to insecticides [55, 56] . PON1 is inactivated by oxidative stress [57] and thus the observed decrease in its activity in the brain of rotenone-treated rats could be due to the increased oxidative stress.
In the present study, we demonstrated that the administration of the mitochondrial uncoupler 2,4-DNP was able to inhibit neurodegeneration induced in the rat brain by rotenone. The neuroprotective action of 2,4-DNP was associated with decreased oxidative stress and NF-B in the brain. Histopathological investigations indicated that 2,4-DNP decreased neuronal damage in the striatum, cerebral cortex, and hippocampus. In the striatum, this was reflected in 
